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Macrocyclic cyanocobalamin (vitamin B12) as a
homogeneous electrocatalyst for water oxidation
under neutral conditions†
Hossain M. Shahadat, ‡abc Hussein A. Younus,‡de Nazir Ahmad,f
Shiguo Zhang, *d Serge Zhuiykovg and Francis Verpoort *abg
Highly water-soluble cyanocobalamin (also known as vitamin B12) is
the most structurally macrocyclic complex comprising cobalt in the
center of a corrin ring. Interestingly, it acts as a robust electro-
catalyst in water oxidation atB0.58 V overpotential with a faradaic
eﬃciency of 97.50% under neutral buﬀered conditions. The catalyst
is impressively stable even after long-term bulk electrolysis, and
homogeneous in nature, as established by a series of experiments
and characterization techniques.
Water splitting is one of the most promising ways to generate a
clean, sustainable, and renewable fuel that can mitigate the
environmental energy crisis in the future.1,2 A crucial factor
that limits the eﬃcient water splitting is the high overpotential
required for the oxygen evolution reaction (OER), thus, it is
urgently needed to design highly eﬃcient and stable catalysts
for the OER, which are preferably based on earth abundant
transition metals.3–5 Because of its cost, availability, and catalytic
power considerations, cobalt is now the most researched metal
for the OER and hydrogen evolution reaction (HER).2,6–8 Mole-
cular cobalt complexes can act as real catalysts (homogeneous)
or precatalysts to form cobalt oxides/hydroxides(heterogeneous)
for water oxidation (WO), depending on the catalyst structure as
well as the reaction conditions.9–11 Heterogeneous catalysts have
benefits of superior stability for the OER and easier immobiliza-
tion on the electrode surface for practical application,2,12,13 while
homogeneous catalysts are more impressive compared to the
heterogeneous ones owing to their comprehensive mechanistic
studies, tunable chemical structures, and controllable redox
features.14,15
Some earlier studies proposed that cobalt complexes can act
as homogeneous catalysts under neutral and basic conditions
during electrochemical WO.16,17 Cobalt WOCs (homogenous/
heterogeneous systems) reported so far are mainly based on
polydentate ligands, which are likely to be essential for stabilizing
the higher oxidation states of cobalt ions.8 Under active catalytic
conditions, most of the homogeneous cobalt systems are shown to
be robust, displaying negligible decomposition over the course of
long–term operation at a modest overpotential.10
Highly water-soluble cyanocobalamin (known as vitamin
B12) is the most structurally macrocyclic complex comprising
cobalt in the center of a corrin ring (Fig. 1).18 The corrin ring
resembles the porphyrin ring, with four pyrrole-like subunits
organized into a ring with a largely conjugated structure of
alternating double and single bonds. Nature seems to have a
clear preference for iron as the central metal ion in porphyrin
cofactors, whereas cobalt is normally found only in corrins.
The central cavity of the corrin ring is smaller than that of
porphyrin, making it ideal and it fits very well for diﬀerent
Fig. 1 Chemical structure of cyanocobalamin (vitamin B12).
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oxidation states of cobalt.19 Indeed, mimics of cobalamin have
been proved to be among the most eﬃcient molecular electro-
catalysts for H2 evolution.
20 In its chemical structure, four of
the six coordination sites are provided by the corrin ring and
the fifth by a dimethylbenzimidazole moiety (Fig. 1). The sixth
coordination site is an ionic ligand (–CN), which is the reactive
center of the complex.18 It also has a large number of functional
groups and heterocyclic moieties, which might facilitate proton
transfer during the catalytic cycle and minimize the required
overpotential to facilitate WO and thus sustain the catalyst
stability. Accordingly, we have investigated the catalytic activity
of vitamin B12 in WO at the neutral pH of phosphate (NaPi)
electrolytes. The experimental results demonstrated that the
electrocatalyst is robust and homogeneous in nature during
electrochemical WO at an overpotential of B0.58 V under
neutral buffered conditions. Furthermore, it displays impressive
stability, even after long-term controlled potential electrolysis
(CPE) (11 h), and the catalyst maintains its molecular structure.
The complex is not sensitive to air-oxidation and is also
easy to crystallize, which can grow easily up to millimeter size.
It readily dissolves in an aqueous medium, resulting in a
saturated deep pink colored solution within a very short time
(15–20 s). An 1H NMR spectrum of the complex in deuterated
water showed sharp well-resolved peaks, which means that the
complex is diamagnetic and cobalt ion exists at III+ oxidation
state when dissolved in water. Further, no change was observed
in the spectrum even after 24 h, suggesting that neither
the axial –CN ligand nor the dimethylbenzimidazole moiety
de-coordinated or exchanged with water, under the screened
conditions, in the absence of an external bias (Fig. S1, ESI†).
Also, the UV-Vis spectra of the complex in an organic solvent
mixture (DMSO : acetonitrile (1 : 1 ratio)) and phosphate buffer
were identical, thus confirming no change in the coordination
environment around the metal center (Fig. S2 and S3, ESI†).
We started our study with the investigation of the electro-
chemical behaviour of vitamin B12 (1.0 mM) in 0.1 M NaPi
buﬀer (pH = 7.0) at a GC electrode (0.07 cm2). Cyclic voltammo-
gram (CV), linear sweep voltammogram (LSV), and diﬀerential
pulse voltammogram (DPV) measurements demonstrate the
redox properties of vitamin B12 (Fig. 2 and Fig. S4, ESI†). The
potential was swept up to 1.50 V vs. Ag/AgCl reference electrode
in the positive direction (all the potentials reported herein are
versus Ag/AgCl). As presented in Fig. 2, the complex showed an
irreversible oxidation peak appearing at 1.20 V with a large
current density, suggesting the catalysis of WO confirmed by
the detection of produced O2 upon CPE. It seems that the
complex undergoes oxidation of Co(III) to Co(IV) prior to oxygen
formation, as observed in the peak shoulder before WO.10,21
The redox event could be clearly observed using DPV at 1.16 V
(Fig. S5b, ESI†). Finally, a current density of B1.38 mA cm2
was attained at 1.50 V (Fig. 2) under neutral operating conditions,
which is comparable to those obtained using the reported
Co-molecular catalysts (see Table S1, ESI†).
In order to get a more comprehensive insight into the
electrochemical behaviour of the catalytic system, CVs were
measured in the range of 5.0o pHo 9.0 with NaPi buﬀer. At a
lower pH range (5.0–7.0), the onset potential of the catalyst is
shifted to higher potentials as the pH is lowered (Fig. S5a,
ESI†). The slope of the onset potential vs. pH (Fig. S5b, ESI†)
specifies that the rate-determining step should be a proton-
coupled electron transfer (PCET) process, in which the proton
and electron are transferred in the e : H+ = 1 : 1 ratio.16,21,22 On
the other hand, the oxygen evolution onset potential remains
constant (i.e., the slope is nearly flat) at higher pH values
(7.5–9.0), and comparably the pH dependence of the current
trend is lost (Fig. S6, ESI†). These observations indicate that the
catalytic WO over pH 7.0 is independent of the solution pH, and
the reaction changes to a simple electron transfer process
under basic conditions. The same phenomenon has been
reported for several molecular catalysts based on different
transition metals.8,16,21,22 Furthermore, a Pourbaix diagram
(Fig. 3) was constructed from the DPV traces (Fig. S7, ESI†)
over the range of 5.0 o pH o 10.0 to verify the PCET process.
Moreover, the catalyst displays a linear dependence of catalytic
current density on the catalyst concentration (0.25–2.0 mM) at an
onset potential of 1.20 V in neutral NaPi buffer (Fig. S8,
ESI†).8,16,23 Fig. S9 and S10 (ESI†) show a typical CV j–E response
of the catalyst and its variation with scan rates ( j vs. v1/2).
The current density increases with increasing scan rate up to
800 mV s1 (Fig. S9, ESI†), however, the normalized current
( j/v1/2 vs. Ag/AgCl) at 1.20 V is independent of the scan rate,
Fig. 2 CV of vitamin B12 (1.0 mM) in a 0.1 M aqueous NaPi buﬀer solution
of pH 7.0 with a GC (0.07 cm2) as the working electrode at 1.50 V (scan
rate = 100 mV s1). A Blank GCE (dotted; black) is shown for comparison.
Fig. 3 Pourbaix diagrams of vitamin B12 in the range of 5.0o pHo 10.0.
Experimental values were obtained from the DPV measurements of
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indicating that this is a diffusion-controlled electrochemical
behaviour (Fig. S10, ESI†). In addition, a plot of j/v1/2 vs. scan
rate (Fig. S10b, ESI†) exhibits a shape typical of that for an ECcat
process.16,24 These observations indicate that the O–O bond
formation is a rate-determining intermolecular process,10,22,23,25
whereas two water molecules form a dioxygen molecule. The
formation of the O–O bond is one of the key steps in the oxidation
of water to O2.
25,26
The concentrations of the electrolyte at the same pH may
also aﬀect the catalytic activity, thereafter CVs of vitamin B12
were measured with [NaPi] = 0–0.30 M (Fig. S11a, ESI†) to
confirm the concentration effect of NaPi buffer as a base on the
catalytic performance. The current density due to the Co(IV)/Co(III)
redox couple as well asWO increases linearly with increasing [NaPi]
up to 0.3 M (Fig. S11b, ESI†),27,28 suggesting that phosphate ions
(HPO4
2) can serve as the proton acceptor in the PCET and thus
enhance the rate of the OER.2,21,28,29 For example, phosphate has
stronger proton-accepting capability [pKa (H2PO4
 = 7.20] than H2O
[pKa (H3O
+ = 1.74], hence the proton of H2O will transfer to
phosphate as a proton acceptor, resulting in enhanced WO
performance.28,30 The onset potential for catalytic WO is approxi-
mately 1.20 V, with an overpotential ofB0.58 V, which is not only
comparable to those of the homogeneous Co-complexes (see
Table S1, ESI†) but also to those of the most reported homo-
geneous earth-abundant metal WOCs (300–600 mV).10,17,23,31,32
The electrocatalytic WO capability of vitamin B12 was further
evaluated by CPE at a fluorine-doped tin oxide (FTO;
Rs B7 O sq
1; 0.8 cm2) coated glass slide electrode. The fresh
FTO electrode itself shows a little activity (B0.04 mA cm2) for
WO in NaPi buﬀer under neutral conditions at 1.50 V.
To compare the catalytic performance as well as stability of
vitamin B12, long-term (11 h) CPE was performed in a cell with a
catalyst and blank (without catalyst) at 1.50 V vs. Ag/AgCl using
an FTO electrode under Ar atmosphere (Fig. S12a, ESI†). The
current density started with around 3.3 mA cm2 at the beginning,
and then within the initial induction period (1 h) it decreased to a
stable current density of approximately 0.60 mA cm2 upon further
electrolysis (Fig. S12a, ESI†), which is responsible for continuous
WO.16,31 To understand the slow current density decays within the
first 1 h, CPE was performed several times using the same catalyst
solution including periodic 30 min stops after each electrolysis. In
this case, the initial current density curve was identical in succes-
sive cycles. This result is not compatible with catalyst deactivation.
However, we can assign this current decay to high charge transfer
resistance associated with the sterically bulky structure of the
catalyst.33,34 This suggests that the vitamin B12 complex might
act as a homogeneous molecular electrocatalyst for WO under
the operating conditions. Furthermore, an air-tight electro-
chemical cell was used to measure the faradaic eﬃciency (%)33,35
and the O2 formed in the headspace of the cell was monitored
by gas chromatography with a thermal conductivity detector
(GC-TCD)8,33,35 during CPE. A faradaic eﬃciency of 97.50%
(Fig. S12b, ESI†) with ca. 99.03 mmol of O2 was detected over
11 h bulk electrolysis (i.e., B9.0 mmol per h) at a pH of
7.0 (0.1 M NaPi) using the steady-state current obtained
from CPE.
The catalytic stability of homogeneous WOCsmainly depends
on the molecular structure of the complexes. The coordinated
nitrogen (N) atoms compared to the oxygen (O) atoms in the
complex structure benefit the overall stability of the homo-
geneous WOCs.28 In the structure of vitamin B12, the central
Co(III) is hexacoordinated by five nitrogen atoms (four from the
corrin ring and one from the dimethylbenzimidazole moiety)
and one carbon atom (from ionic –CN) in octahedral geometry.
However, the stable metal–carbon bond in its structure provides
high thermal stability and hydrolytic durability.19 Numerous
experiments were carried out to check the stability as well as
the structure of the catalyst during electrochemical WO.
Electronic absorption spectra of vitamin B12 were recorded
in 0.1 M aqueous NaPi buﬀer (pH 7.0) at room temperature to
investigate any possible change in its structure under aqueous
conditions and in the presence of phosphate ion. An UV-Vis
absorption profile displays a clear intense peak of ligand-
centered (LC) p–p* transitions at 280–380 nm and a relatively
weak and broad absorbance band for metal-to-ligand charge
transfer (MLCT) at 550 nm under the visible region (Fig. S13,
ESI†).31,36 UV-Vis absorption spectra were recorded over 72 h
and its spectrum was also recorded after long-term CPE at
1.50 V vs. Ag/AgCl for 11 h. The UV-Vis absorption analysis
discloses that the spectrum did not show any change with time
(72 h), even after long-term CPE (i.e., the catalyst maintains its
structure after a long period of electrolysis), regardless of the
buffer type NaPi and the applied potential (Fig. S13, ESI†),
indicating the high stability and homogeneous characteristic of
the complex under operating conditions.10,28 High resolution
electrospray ionization mass spectrometry (ESI-MS) was also
performed for the complex aqueous solution, both before and
after the bulk electrolysis experiment at room temperature.
After, 11 h of continuous bulk electrolysis at such a high
operating potential, the ESI-MS patterns of the vitamin B12
complex solution are identical for both samples collected
before and after bulk electrolysis (Fig. S14 and S15, ESI†),
suggesting that the catalyst did not decompose during electro-
lysis and has good stability and is homogeneous in nature
during electrochemical WO.16,37 In addition, an FTIR spectrum
of the complex crystals isolated within several weeks after the
bulk electrolysis was recorded and compared with that of
starting complex (as received), which also showed identical
spectra (Fig. S16, ESI†). It is interesting to note that the vitamin
B12 complex can be almost quantitatively recovered from the
resulting solution after electrolysis.
Furthermore, the CVs of the catalyst solution with the GC/
FTO electrodes before and after CPE displayed almost the same
performance without the loss of the catalytic activity (Fig. S17
and S18, ESI†).16 It is interesting to note that the vitamin B12
catalyst can be almost quantitatively recovered from the resulting
solution after electrolysis, demonstrating that the vitamin B12
catalyst is a homogeneous and long-lived WOC.23 Besides, contin-
uous scanning (10 cycle) of 1.0 mM vitamin B12 in 0.1 M NaPi
buﬀer (pH = 7.0) at a GC electrode showed that the current density
decreased during multiple scans and became almost constant after
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consecutive current enhancement performance and the electro-
deposition of CoOx as the active species using the heterogeneous
WOCs during electrolysis.10,16 After multiple scans (50 cycles) with
the GC electrode or 11 h CPE with the FTO electrode, it was rinsed
oﬀ but not polished, and then cycled in the catalyst-free electrolyte
of the same pH. A negligible catalytic current close to that for the
blank GC/FTO electrode was observed (Fig. S20, ESI†), suggesting
that no active species (WOC) were deposited on the electrode
surface.10,16,17,36 Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) revealed no cobalt-based particles on the
FTO electrode after 11 h CPE (Fig. S21–S24, ESI†). These results
indicate that vitamin B12 was not decomposed during electrolysis
and it is homogeneous WOC.16,22,36
In summary, commercially available cyanocobalamin (a form of
vitamin B12) can be used as a robust homogeneous electrocatalyst
inWO at an overpotential ofB0.58 V, which is comparable to those
of the most reported homogeneous earth-abundant metal WOCs
(300–600 mV). It is an impressively stable electrocatalyst for long
duration, even after long-term (11 h) CPE under the neutral
buffered conditions (pH = 7.0). At a lower pH (5.0–7.0), the onset
potentials shift to higher values as the pH is lowered and the slope
of onset potential vs. pH indicates that the rate-determining step
should be a PCET process by a slope of ca. 55 mV per pH unit,
indicating a 1e/1H+ coupled transition. CV, CPE, UV-Vis, ESI-MS,
SEM, and EDX measurements revealed that vitamin B12 displays
robust homogeneous electrocatalysis in neutral phosphate buffer
rather than forming any active CoOx film or nanoparticles as
active species during electrolysis. Because of its cost, commercial
availability and robustness, vitamin B12 will be a strong candidate
for benchmarking in molecular WO catalysis.
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